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The Large Scale Advanced Prop-Fan hub assembly forms a s e m i - r i g i d  l i n k  be- 
tween the  blades, which p rov ide  the  t h r u s t ,  and the  engine s h a f t ,  which pro-  
v ides  the  torque.  
which i s  carbur ized ,  heat  t r e a t e d  and machined. A s i n g l e  row b a l l  bea r ing  
r e s t r a i n s  each o f  the  e i g h t  blades i n  the  hub, w h i l e  the  t a i l s h a f t  secures 
the  p r o p e l l e r  to  the  engine s h a f t  w i t h  two cone seats  t h a t  a re  pre loaded 
aga ins t  each o t h e r  by the  Prop-Fan r e t a i n i n g  nut .  
suppor t  fo r  the  p i t c h  change a c t u a t o r  system, the c o n t r o l  and t h e  sp inne r .  
The hub and t a i l s h a f t  i s  a one p iece  p a r t i a l l y  f o rged  p a r t  
The hub a l s o  forms the  
The r e t e n t i o n  t ransmi t s  the  loads from the  blades t o  the  hub w h i l e  a l l o w i n g  
the  changes i n  b lade p i t c h .  The s i n g l e  row b a l l  bea r ing  r e t e n t i o n  p rov ides  
ease o f  maintenance by a l l o w i n g  i n d i v i d u a l  b lade replacement w i t h o u t  d isas-  
sembly o f  t he  hub. I t  has a through hardened inne r  race  which seats  a g a i n s t  
the  aluminum blade shank and an o u t e r  race  which i s  i n t e g r a l  w i t h  the  bar-  
r e l .  The o u t e r  race area i s  ca rbu r i zed  t o  achieve the  hardness necessary t o  
suppor t  the  b a l l  loads.  
separator .  The r o t a t i o n a l  speed o f  the  p r o p e l l e r  keeps the  r e t e n t i o n  sub- 
merged i n  the  o i  1 which i s  conta ined i n  t h e  hub by a sea l .  
The hub assembly, because i t  i s  the  founda t ion  o f  the  b lade,  a l s o  i s  an i n t e -  
g r a l  p a r t  o f  the  mechanism which determines the  n a t u r a l  f requenc ies  of the  
p r o p e l l e r  system. 
the  o p e r a t i  ng f requenc ies  o f  the  Prop-Fan. 
The hub p o r t i o n  o f  the  assembly was designed t o  the  same requi rements which 
would be e s t a b l i s h e d  for a p roduc t i on  Prop-Fan ( l i g h t w e i g h t ) .  Because the 
LAP i s  des t i ned  fo r  t e s t  on an e x i s t i n g  gearbox, and must accommodate an e x -  
i s t i n g  p r o p e l l e r  c o n t r o l ,  the  t a i l s h a f t  p o r t i o n  o f  the  assembly i s  i d e n t i c a l  
t o  the  54H60 p r o p e l l e r  t a i l s h a f t .  Produc t ion  Prop-Fans cou ld  i n c o r p o r a t e  
e i t h e r  a t a i l s h a f t  o r  a f l a n g e  dependent on the r e d u c t i o n  gearbox c o n f i g u r -  
a t i o n .  
The b a l l s  a re  k e p t  from c o n t a c t  w i t h  each o t h e r  by a 
Ana lys i s  assured t h a t  none o f  these modes i n t e r s e c t  w i t h  
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INTRODUCTION 
I n  recen t  years, cons iderab le  a t t e n t i o n  has been d i r e c t e d  toward improv ing  
a i r c r a f t  f u e l  consumption. S tud ies  have shown t h a t  t he  i n h e r e n t  e f f i c i e n c y  
advantage t h a t  tu rboprop p r o p u l s i o n  systems have demonstrated a t  lower  c r u i s e  
speeds may n o t  be extended t o  the  h ighe r  speed o f  today ' s  t u r b o f a n  and 
turbojet -powered a i r c r a f t .  To achieve t h i s  goa l ,  new p r o p e l l e r  des igns which 
f e a t u r e  more b lades w i t h  t h i n  a i r f o i l s  and aerodynamic sweep a re  r e q u i r e d .  
S ince 1975, Hami l ton  Standard has been deeply  i n v o l v e d  w i t h  the  NASA Lewis 
Research Center i n  the  development o f  the  advanced tu rboprop or Prop-Fan. 
Many a i r c r a f t  system s tud ies  have been accomplished for  a v a r i e t y  o f  subsonic 
a i r  t r a n s p o r t  a p p l i c a t i o n s  and a l l  these s tud ies  have shown s i g n i f i c a n t  f ue l  
savings w i t h  Prop-Fan p ropu ls ion .  The f u e l  savings p o t e n t i a l  o f  f u t u r e  
Prop-Fan powered a i r c r a f t  i s  g e n e r a l l y  15-20% for  commercial a p p l i c a t i o n s  and 
25-35% fo r  m i l i t a r y  p a t r o l  a i r c r a f t  compared t o  equal technology t u r b o f a n  
systems, depending upon the  s p e c i f i c  a p p l i c a t i o n ,  c r u i s e  speed, s tage l e n g t h  
and o t h e r  requi rements.  
To date,  severa l  models have been designed, manufactured and sub jec ted  t o  a 
number o f  t e s t s .  A s e r i e s  o f  smal l -sca le 0.6223 meter (24.5 i n c h )  d iameter  
module t e s t s  have been conducted i n  bo th  UTRC and NASA wind tunne ls  and on a 
mod i f i ed  NASA a i r p l a n e .  These t e s t s  have shown t h a t  p r o p e l l e r s  w i t h  8-10 
swept blades, h i g h  t i p  speeds and h i g h  power load ings  can o f f e r  inc reased 
f u e l  e f f i c i e n c i e s  a t  speeds up t o  0.8 Mn. 
HSD has designed a 2.743 meter (9 - foo t )  d iameter  s i n g l e - r o t a t i o n  Prop-Fan. 
Fo l l ow ing  the  manufacture o f  t he  Prop-Fan system, i t  w i l l  be t e s t e d  a t  Wr ight  
F i e l d  and i n  the  ONERA S-1 wind tunnel  i n  France. The hardware w i l l  then be 
used i n  a fo l low-on program where i t  w i l l  be r u n  w i t h  an engine on a s t a t i c  
t e s t  stand and on a research a i r c r a f t .  The major o b j e c t i v e  o f  t h i s  t e s t i n g  
i s  to  e s t a b l i s h  the  s t r u c t u r a l  i n t e g r i t y  o f  la rge-sca le  Prop-Fans o f  advanced 
c o n s t r u c t i o n  i n  a d d i t i o n  to  the  e v a l u a t i o n  o f  aerodynamic performance and 
aero-acoust ic  des ign .  
The r e p o r t  which follows covers the des ign a n a l y s i s  o f  the  Large-Scale Ad- 
vanced Prop-Fan Hub/blade r e t e n t i o n  assembly. S p e c i f i c a l l y ,  a n a l y s i s  of the  
r e t e n t i o n  area o f  the  b lade shank, b lade r e t e n t i o n ,  hub, and t a i l s h a f t  a re  
covered. Sub jec ts  i nc luded  a re  s t r e s s  and s t r a i n  a n a l y s i s ,  m a t e r i a l  hardness 
requi rements,  we igh t  p r e d i c t i o n s  and s t i f f n e s s  c h a r a c t e r i s t i c s .  
n l  
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RETENTION AND HUB LOADS 
A cross s e c t i o n  through the  hub and r e t e n t i o n  i s  shown i n  F igure  1 .  A l l  t he  
ex te rna l  loads on the  r e t e n t i o n  and hub have t h e i r  source i n  the  b lade 
loads.  An understanding o f  the  hub loads requ i res  an exp lana t ion  of those 
blade loads t h a t  a re  t r a n s f e r r e d  t o  the hub. The loads on the  b lade a re  de- 
r i v e d  f rom the  aerodynamic and i n e r t i a  c h a r a c t e r i s t i c s  o f  t he  b lade.  
The aerodynamic loads generated by the moving a i r f o i l  b lade sec t i ons  a re  the  
l i f t  and drag shear f o r c e s .  On a p a r t i c u l a r  blade ( f i x e d  geometry) these 
fo rces  vary w i t h  changes i n  p r o p e l l e r  rpm, a i r c r a f t  speed, induced v e l o c i t y  
vec to r  and the  b lade angle.  How these parameters a f f e c t  the  fo rces  i s  de te r -  
mined as f o l l o w s :  
a re  v e c t o r i a l l y  combined to  s i n g l e  v e l o c i t y  vec to r  R, and the  angle of a t t a c k  
ALPHA i s  the  d i f f e r e n c e  between the  angular  p o s i t i o n  o f  R and the  b lade an- 
g l e .  See F igure  2 .  The produc t  o f  ALPHA t imes the s lope o f  curves of l i f t  
and drag c o e f f i c i e n t s  vs ALPHA i s  l i f t  and drag c o e f f i c i e n t s .  An examinat ion 
o f  the  l i f t  and drag f o r c e  equations show t h a t  these fo rces  va ry  as the  
square o f  the  v e l o c i t y  r e s u l t a n t  R and d i r e c t l y  w i t h  the  l i f t  and drag  coef- 
f i c i  ents  . 
the a i r c r a f t  d i r e c t i o n  o f  f l i g h t  and p r o p e l l e r  r o t a t i o n  
These aerodynamic loads a re  a c t u a l l y  pressure d i s t r i b u t i o n s  around the face  
and camber s ides of the  a i r f o i l  and a long the  a x i s  o f  the  b lade b u t  they  may 
be dep ic ted  as concentrated fo rces ,  the l i f t  and drag, a c t i n g  a t  cen ters  of 
pressure on the  a i r f o i l  c ross sec t ions  and a long the  b lade a x i s .  The cen te r  
o f  pressure on the  a i r f o i l  c ross sec t i on  i s  approx imate ly  one q u a r t e r  chord 
f rom the  l ead ing  edge. The o f fse t  o f  t h i s  p o i n t  from the  p i t c h  change a x i s  
o f  the b lade r e t e n t i o n  causes aerodynamic t w i s t i n g  moments, ATM, about the  
b lade a x i s .  
The center  o f  pressure a long the b lade a x i s  i s  i n  the  t i p  r e g i o n  o f  the b lade 
and the  composite l i f t  and drag forces the re  produce shear forces and moments 
t h a t  a r e  reac ted  a t  t h e  b lade r e t e n t i o n  on the  hub. The e f f e c t  o f  the  shear 
fo rces  on t h e  hub i s  minute compared to  the  moment e f f e c t s .  
I f  the  aerodynamic loads on the b lade a re  constant  as the  b lade r o t a t e s ,  then 
the  loads they produce a t  the  b lade r e t e n t i o n  on the hub a re  the steady bend- 
i n g  moment and steady ATM. 
When the  a i r c r a f t  c l imbs the  aerodynamic loads on the  b lade become c y c l i c .  
The a i r f l o w  i n t o  the  p r o p e l l e r  i s  no longer  perpend icu la r  to  the  p lane o f  ro- 
t a t i o n .  A s  t he  b lade r o t a t e s  i t s  a t t i t u d e  r e l a t i v e  t o  the  f i x e d  angular  i n -  
flow changes, t h a t  i s ,  i t s  lead ing  edge a t  one p o i n t  would be up r e l a t i v e  t o  
the  f l o w  w h i l e  a t  180 degrees from t h a t  p o i n t  i t  i s  down. This  causes 
changes i n  the  r e s u l t a n t  v e l o c i t y  vec to r  R as w e l l  as the  angle o f  a t t a c k  as 
the  b lade r o t a t e s .  This change i s  s inuso ida l  on each b lade and the r e t e n t i o n  
sees t h i s  as a v i b r a t o r y  shear and bending moment. The b lade moment loads 
add a t  the  c e n t e r l i n e  o f  the Prop-Fan and produce a steady moment vec to r  and 
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The major  i n e r t i a  load on the  b lade i s  the c e n t r i f u g a l  load.  
t he  we igh t ,  mass center  l o c a t i o n  and the square o f  the  rpm o f  t he  b lade.  
c e n t r i f u g a l  load  ac ts  a long the b lade a x i s  and i s  cons idered a steady type 
load ing .  
A s  t he  a i r  loads bend the  b lade,  t he  mass center  i s  d e f l e c t e d  o u t  o f  the  ro- 
t a t i o n a l  p lane o f f s e t t i n g  the  c e n t r i f u g a l  load  causing a r e s t o r i n g  moment 
which must be combined w i t h  the steady aerodynamic moment. 
can be d e l i b e r a t e l y  be o f f s e t  to  a l t e r  the e f f e c t i v e  steady moment a c t i n g  on 
the  r e t e n t i o n .  
I t  v a r i e s  w i t h  
The 
The mass cen te r  
A s  the  b lade changes p i t c h  o u t  o f  t he  p lane o f  r o t a t i o n ,  p a r t  o f  the  b lade 
l i e s  ahead o f  t h e  p lane and p a r t  behind. 
these two segments has a component o f  i t s  load  a c t i n g  p a r a l l e l  b u t  o f f s e t  
f rom the  r o t a t i o n  p lane.  
produce a couple tend ing  t o  t w i s t  t he  b lade back i n t o  the  r o t a t i o n  p lane.  
Th is  i s  the  c e n t r i f u g a l  t w i s t i n g  moment. Th is  couple depends on the  same 
f a c t o r s  as the  c e n t r i f u g a l  f o r c e .  
o f  tw i ce  the  b lade angle.  
i n g .  
The p i t c h  change t r u n n i o n  r o l l e r  on the  b u t t  end o f  the  b lade i s  a l a r g e  of f -  
s e t  d i s tance  from the  r e t e n t i o n  bear ing  center .  
t i o n s  on the  t r u n n i o n  r o l l e r  produce o f f s e t  moments which a re  i nc luded  i n  t h e  
r e s u l t a n t  steady bending moments. 
A f i n i t e  element model was used t o  analyze the b lade.  The aerodynamic pres-  
sures were a p p l i e d  as d i s c r e t e  loads a t  the  nodes o f  the  elements compr is ing 
the  a i r f o i l  sec t ions  o f  the  b lade.  The i n e r t i a  loads were a p p l i e d  by r o t a t -  
i n g  the  mass model o f  the  b lade a t  the  c l imb  r o t a t i o n a l  speed about the  
Prop-Fan a x i s .  The model was cons t ra ined a t  i t s  inboard end. The b lade r e -  
t e n t i o n  and hub loads were de r i ved  from the  c o n s t r a i n t  loads as fo rces  and 
moments about an x ,  y ,  and z a x i s  as shown i n  F igure  4. The loads were r e -  
solved i n  the p lane of t h e  b lade  r e t e n t i o n  b a l l  bear ing  centers .  
The a i r c r a f t  c l imb  c o n d i t i o n  has the  h ighes t  f l i g h t  v i b r a t o r y  l oad ing  and ac- 
cumulates a l a r g e  number o f  cyc les  over the l i f e  o f  the  a i r c r a f t .  The s t r e s s  
cyc les  accumulate a t  t he  r a t e  o f  t he  Prop-Fan r o t a t i o n a l  speed. 
c o n d i t i o n  the re fo re ,  was used for  the  des ign case and the r e t e n t i o n  load ings  
f o r  t he  c l imb  case a re  tabu la ted  i n  Table I. 
The c e n t r i f u g a l  load  a c t i n g  on 
These two o f fse t  fo rces  ahead and behind the  p lane 
I n  a d d i t i o n  the  CTM v a r i e s  w i t h  the  s ine  
The CTM i s  considered t o  be a steady type  load- 
I t  i s  combined w i t h  the  ATM to  load the  p i t c h  change a c t u a t o r  system. 
The t w i s t i n g  moment reac- 
The c l imb  
TABLE I. RETENTION LOADS 
Fx FY FZ MY MZ 
Newtons Newtons New tons Newton-me t e r  s Newton-me t e r 
( l b s )  ( l b s )  ( l b s )  ( i n -1  bs) ( i n - l b s )  
STDY + V I B  -368690 -35240 -1 4360 -3898 -2248 
(-82890) (-7922) (-3229) (-344991 ( -1  9893) 
STDY - V I B  -368690 -29450 -291 3 1130 -6449 




FIGURE 4. BLADE LOADING COORDINATE SYSTEM 
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. 
The loads a p p l i e d  to the  hub are  i d e n t i c a l  t o  those a p p l i e d  to  the re ten-  
t i o n .  (F igu re  5 shows a hub w i t h  i t s  assoc ia ted  loads) .  However, i n  the  
past ,  i t  has been found t h a t  the s ide  loads on the  r e t e n t i o n ,  n o t a b l y  the  
to rque and t h r u s t ,  have a n e g l i g i b l e  e f f e c t  on the  hub s t r e s s i n g .  Therefore,  
the  s i d e  loads a re  neg lec ted  i n  t h i s  ana lys i s .  The loads used i n  the  hub 
a n a l y s i s  come d i r e c t l y  from Table I and a re  tabu la ted  i n  Table I1 below. 
Angular va lues r e f e r  to  number o f  degrees c lockwise  from the  d i r e c t i o n  of ro- 
t a t i o n  l o o k i n g  t i p  t o  hub. 
TABLE 11. HUB LOADS 
CENTRIFUGAL FORCE 368690 newtons 
STEADY MOMENT (SBM) 4563 newton-meters @ 252 deg. 
VIBRATORY MOMENT (VBM) 3104 newton-meters @ 144 deg. 
(82890 l b s )  
(40385 in - l bs  @ 252 deg.)  
(27470 i n - l b s  @ 144 deg.) 
11 
0 CENTRIFUGAL LOAD 
FIGURE 5. HUB LOADING 
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TAILSHAFT LOADS 
The loads which a re  a p p l i e d  t o  the  t a i l s h a f t  can be broken down i n t o  f i v e  
ca tegor ies :  t h r u s t ,  torque,  engine s h a f t / t a i l s h a f t  p re load,  b lade c e n t r i -  
f u g a l  load,  and s h a f t  bending moment. Because o f  i t s  h i g h  impressed moment 
and l a r g e  number o f  cyc les ,  t he  a i r c r a f t  c l imb  c o n d i t i o n  once aga in  was de- 
termined t o  be the  des ign l i m i t i n g  case. 
The t h r u s t  generated by the  p r o p e l l e r  and torque a p p l i e d  to  the  p r o p e l l e r  a re  
f e d  through the  t a i l s h a f t .  Therefore,  t he  t a i l s h a f t  must be ab le  t o  w i th -  
stand the  32,995 newtons (7,418 l b s )  o f  t h r u s t  and the  25,165 newton-meters 
(222,700 i n - l b s )  o f  to rque the  engine produces. 
b lade c e n t r i f u g a l  l oad  i s  t ransmi t ted  t o  the t a i l s h a f t ,  the m a j o r i t y  be ing  
absorbed by the  hub. 
cones seated i n  the  hub and preloaded aga ins t  each o t h e r  by the  p r o p e l l e r  r e -  
t a i n i n g  n u t  through the  engine s h a f t .  Th is  n u t  i s  torqued 3,390 newton- 
meters (30,000 i n - l b s )  producing a 298,906 newton (67,200 l b )  a x i a l  p re load  
on the  cones. The moment l oad  app l i ed  to  the t a i l s h a f t  i s  descr ibed i n  
d e t a i l  i n  t he  r e t e n t i o n  load sec t i on .  This i s  a steady bending moment t h a t  
produces once per  r e v o l u t i o n  f u l l y  reversed bending s t resses  i n  the  t a i l s h a f t  
because of i t s  r o t a t i o n .  The moment magnitude i s  8,645 newton meters (76,500 
i n - l b s ) .  
Only  a smal l  p o r t i o n  of the  
The engine s h a f t / t a i l s h a f t  i n t e r f a c e  i s  made up of two 
A l l  o f  t he  loads ,  except ing  the  engine s h a f t  p re load,  a re  a p p l i e d  where the  
t a i l s h a f t  and hub a re  j o ined .  
the  engine s h a f t  and t a i l s h a f t  i n t e r f a c e .  
The pre load i s  a p p l i e d  a t  t he  cone seats  where 
13/14 
BLADE RETENTION STRESS 
The r e t e n t i o n  s t resses  were analyzed us ing  a computerized a n a l y s i s  c a l l e d  
H380. 
parameters as number o f  b a l l s ,  b a l l  d iameter ,  p i t c h  d iameter ,  f o rces ,  mo- 
ments, m a t e r i a l  p r o p e r t i e s ,  and geometry. The r e s u l t s  f rom t h i s  a n a l y s i s  
t h a t  a re  used i n  r e t e n t i o n  des ign i nc lude  Her t z ian  d e f l e c t i o n  and s t r e s s e s ,  
p o s i t i o n  o f  the  b a l l  con tac t  p a t t e r n ,  and moment s p r i n g  r a t e  as i l l u s t r a t e d  
i n  F igure  6.  
goals  have been achieved: u n l i m i t e d  l i f e  (>10e8 cyc les )  for h i g h  c y c l e  fa- 
t i g u e  (HCF) and a low c y c l e  f a t i g u e  (LCF) l i f e  o f  10,000 cyc les  as i l l u s -  
t r a t e d  i n  the  normal ized Goodman diagram i n  F igure  7 .  The p r e d i c t e d  low cy- 
c l e  f a t i g u e  l i f e  o f  10,000 cyc les  i s  l e s s  than the  des i red  50,000 cyc les .  
The 10,000 c y c l e  l i f e  i s  equ iva len t  to  10,000 excurs ions f rom r e s t  to  100% 
rpm or t o  2500 p i t c h  change cyc les .  This a p p l i c a t i o n  w i l l  p robab ly  see l e s s  
than 500 p i t c h  change cyc les  o r  on -o f f  cyc les .  
p i t c h  change l i f e  f a c t o r  o r  a twenty t o  one on -o f f  l i f e  f a c t o r .  
p a t t e r n s  a re  on the  race f o r  a l l  f l i g h t  cond i t i ons .  
This  a n a l y s i s  does a load balance on the bear ing  account ing  for such 
For the  loads l i s t e d  i n  Table I, the f o l l o w i n g  r e t e n t i o n  des ign 
This  g ives  a f i v e  t o  one 
The b a l l  
I n  a d d i t i o n  to  the  Her t z ian  s t ress  c a l c u l a t i o n s  f o r  the  b a l l  race i n t e r f a c e ,  
the  subsurface shear s t resses  were a l s o  c a l c u l a t e d  us ing  another  computerized 
a n a l y s i s  c a l l e d  P248. This  c a l c u l a t i o n  insures  t h a t  the  hardening depth e x -  
ceeds the  expected peak ,o f  the  subsurface shear. 
c h a r a c t e r i s t i c s  o f  the c a r b u r i z i n g  process, and i n  F igure  9, the  subsurface 
shear steady and c y c l i c  s t resses  a re  p l o t t e d  verses depth. 
depth o f  .lo4 cm (.041 inches)  fo r  the  f u l l y  hardened zone 59 Rockwell C 
minimum i s  s u f f i c i e n t  t o  envelope the  peaks i n  F igure  9. F igu re  10 shows the  
crossover  between the core m a t e r i a l  34 Rockwell C a l lowab les  and the  subsur- 
f ace  shear which i n d i c a t e s  a minimum depth o f  hardening o f  .297 cm (.117 
i n . ) .  The c a r b u r i z i n g  depth i s  de f i ned  as the p o i n t  where the  hardness i s  
equal t o  the core va lue o f  34 Rockwell C. The 50 Rockwell C equ iva len t  depth 
i s  s p e c i f i e d  as . l o 3  cm (.08 i n . )  t o  .254 cm ( . 1  i n . ) .  Th is  i s  2/3 o f  the  
full dep th  or . 3  cm (.12 i n . )  min, and w i l l  'nsure t h a t  the  hardness does n o t  
decrease t o  the  core va lue above t h e  m i n i m u m  depth o f  .297 cm ( .  1 1  7 i n .  1.  
F igure  8 shows the  depth 
The spec i f i ed  
A s  a f u r t h e r  c r i t e r i o n  o f  the r e t e n t i o n  design, the c e n t r i f u g a l  load ,  us ing  
H380, was increased t o  150 and 200 percent  of the  nominal. A t  150 percent  
overspeed ( t h e  s t r e s s  i s  p l o t t e d  on F igure  7 as 15O%cf>, the  r e t e n t i o n  b a l l s  
and races were found to  have no a d d i t i o n a l  permanent de format ion  than the  ac- 
ceptab le  va lue  o f  .00005 i n . / i n .  of  element d iameter .  A t  200 percent  over -  
speed the  f o r c e  on the b a l l s  was enough to  cause g rea te r  permanent deforma- 
t i o n .  This  deformat ion,  however, w i l l  n o t  cause a c a t a s t r o p h i c  f a i l u r e  i n  
the  r e t e n t i o n  system and meets the  overspeed des ign requi rements.  
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FIGURE 9. SUBSURFACE RACE STRESS 
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The s t r e s s  a n a l y s i s  o f  t he  b a r r e l  i s  done by s p l i t t i n g  i t  i n t o  th ree  sec- 
t i o n s ;  the  f r o n t  r i n g ,  t he  r e a r  r i n g ,  and the b a r r e l  arms. The f r o n t  and 
r e a r  r i n g s  a re  analyzed separa te l y  us ing  a computerized a n a l y s i s  c a l l e d  
Ring-28. For t h i s  e i g h t  bladed p r o p e l l e r  the b a r r e l  was s p l i t  i n t o  s i x  equal 
segments over  the  22.5 degrees necessary t o  p rov ide  mirror symmetry (See 
F igure  1 1 ) .  Each segment i s  a p lanar  cross sec t i on  c u t  f rom the  center  l i n e  
o f  the  p r o p e l l e r  r a d i a l l y  outward. The center  o f  g r a v i t y ,  area, and moment 
of i n e r t i a  fo r  each s l i c e  i s  computed for  the f r o n t  and r e a r  r i n g s  (See 
F igure  12 and 13) .  These cross sec t i ona l  p r o p e r t i e s ,  which vary  w i t h  t h e i r  
az imuthal  p o s i t i o n ,  a re  then used t o  cons t ruc t  the  r i n g .  The loads, which 
o r i g i n a t e  i n  the  b a r r e l  arms, a re  transposed t o  r a d i a l  and t a n g e n t i a l  f o r c e s  
a t  the  sec t ions  on the  r i n g  us ing  shear flow and Wise c o e f f i c i e n t s ' .  The 
c u l a t e d  f o r  t he  i nne r  and o u t e r  sur faces o f  the  f r o n t  s t resses  can then be ca 
and r e a r  r i n g s .  
The b a r r e l  arms a re  ana yzed us ing  a s h e l l  o f  r e v o l u t i o n  computer a n a l y s i s  
c a l l e d  H727. Since the  cross sec t i on  must be constant ,  t o  be conserva t ive ,  
t he  t h i n n e s t  s e c t i o n  o f  the arm i s  used i n  the  model (See F igure  14). The 
steady and v i b r a t o r y  bending moments, i n p u t  as equ iva len t  a x i a l  loads,  and 
the  c e n t r i f u g a l  f o r c e ,  an a x i a l  f o r c e ,  a re  a p p l i e d  a t  the  hub raceway t o  ob- 
t a i n  the e f f e c t  secondary bending through t h a t  sec t ion .  
For the  t o p  of the  b a r r e l  arm, the hoop s t r e s s  from Ring-28 i s  added to  the  
hoop s t r e s s  fo r  the  same p o s i t i o n  from H727 to  o b t a i n  an e f f e c t i v e  combina- 
t i o n  o f  the  two load ing  p a t t e r n s  a t  t h a t  p o i n t  (See F igure  1 1 ) .  Another r e -  
l a t i v e l y  h i g h  s t ressed p o i n t  from the  ana lys i s  i s  j u s t  below the  b a l l  bear- 
i ng .  These two worst s t r e s s  p o i n t s  a re  p l o t t e d  on the Goodman diagram i n  
F igu re  15. The amount t h a t  the  p o i n t  i s  below the l i n e  on the Goodman d ia -  
gram i n d i c a t e s  how much e x t r a  s t r e n g t h  the  p a r t  has. 
B a r r e l  s t r e s s i n g  was a l s o  analyzed us ing  3D f i n i t e  element a n a l y s i s ,  the  
r e s u l t s  o f  which are  summarized i n  Appendix A .  
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AREA 3.64058 
XBAR -3.51 002 
YBAR = 8.26361 
I Y-Y 0.458043 
I X-Y 0.618058 
I X-X 4.50827 
AREA 6.37453 \ \ I XBAR 4.896 17 AREA = 3.51 139 XBAR = -3.55566 
YBAR = 8.24665 
I Y-Y = 0.387344 
I X-Y 0.46391 3 
I X-X 4.30461 
YBAR = 5.37813 
I Y-Y = 8.80057 
I X-Y a -17.8393 
I X-X 42.8773 
RAO SECT 00 D G  
AREA = 6.46089 
XBAR = 4.85771 
YBAR = 5.43108 
I Y-Y 9.36215 
I x - Y  = -18.8378 
I X-X = 44.2975 
I 
R A D  SECT. 4 3  D 6  
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XBAR -3.3351 
I Y-Y 0.776993 
I X-Y 1.21481 
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AREA = 6.75481 
XBAR = 4.72793 
YBAR = 5.60617 
I Y-Y 11.42412 
I X-Y -22.3061 
I X-X 49.1 094 
R A D  SECT 9.96 
FIGURE 12. RING SECTION PROPERTIES 
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AREA = 4.87366 
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AREA = 7.1 3986 
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R P  Y-Y 1.30086 
R P  X-X 0.359435 
AREA f 7.47935 
XBAR = 4.42450 
YBAR = 6.00063 
1 Y-Y 17.1181 
I X-Y = -30.9509 
I X-X a 60.5261 
I HUB-4 RAD SECT 13.5 DG 
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AREA = 7.67286 
YBAR - 8.77504 AREA = 9.52786 XBAR -2.20683 XBAR - 3.62946 
YBAR = 6.82405 I Y-Y 11.60246 
I X-Y 7.41534 
I X-Y -54.9157 I X-X 7.58092 
I Y-Y = 38.1544 
I X-X 85.1361 
SAD SECT 18 DG 
AREA = 10.00039 
YBAR = 6.81 699 
XBAR 3.44192 
I Y-Y X -56.1792 44.4651 k!l 
I X-X 80.0289 
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FIGURE 14. BLADE RACE, HUB ARM MODEL 
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FIGURE 15. RING AND ARM STRESS CRITERIA MACHINED SURFACES 
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TAILSHAFT 
The tailshaft was analyzed using a shell of revolution computer analysis cal- 
led H746. A radial deflection, due to centrifugal load of .035 cm. (.0014 
in.) was calculated for the vicinity of the tailshaft. The tailshaft model 
was then predeflected by this amount to reproduce the effect of its share of 
the centrifugal load. The remaining loads, as explained earlier in the tail- 
shaft load section, were applied to the nodes of the model and the stresses 
calculated are shown in Figure 16 and on the Goodman diagram shown in Figure 
17. 
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FIGURE 17. TAILSHAFT STRESS CRITERIA 
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SPRING RATE 
The s t r e s s  l e v e l s  i n  the  prev ious  sec t ions  a re  we l l  below a l l owab les  i n d i c a t -  
i n g  t h a t  t h e r e  i s  adequate s t r e s s  margin. Obvious ly  s t r e s s  was n o t  t he  s i z -  
i n g  c r i t e r i o n  f o r  the hub assembly. Hub w a l l  th ickness  i s  d i c t a t e d  by a r e -  
q u i r e d  r e t e n t i o n  moment s p r i n g  r a t e  or s t i f f n e s s .  The b lade,  because of the  
more r i g o r o u s  geometric c o n s t r a i n t s  p u t  on i t ,  has a s p r i n g  r a t e  and mass 
d i s t r i b u t i o n  o f  i t s  own which u s u a l l y  cannot b e . v a r i e d  to any e x t e n t  w i t h o u t  
u p s e t t i n g  the  d e l i c a t e  balance between s t resses  and loads.  
the  major  f u n c t i o n s  o f  the  hub assembly i s  t o  p rov ide  a r e t e n t i o n  s t i f f n e s s  
t h a t  w i l l  p lace  the  n a t u r a l  f requenc ies  o f  the  p r o p e l l e r  o u t s i d e  the  re -  
s t r i c t e d  range (shaded reg ions  o f  F igure  18) .  
Therefore,  one o f  
The f i r s t ,  second, and t h i r d  modes shown on F igure  18 a re  the  f i r s t  t h ree  
b lade n a t u r a l  f requenc ies .  The hub in-p lane and out -of -p lane s p r i n g  r a t e s  
(nomina l l y  13.7 and 15.5 m i l l i o n  i n . - l b s  r e s p e c t i v e l y )  a re  p l o t t e d  on these 
mode l i n e s .  The n a t u r a l  f requenc ies  o f  the  p r o p e l l e r  system f o r  these p o i n t s  
a re  o u t s i d e  t h e  va r ious  i n d i c a t e d  e x c i t a t i o n  f requenc ies  and t h e i r  t o le rances  
(10% on two e x c i t a t i o n s  per  r e v o l u t i o n  - 2p, 7.5% on t h r e e  e x c i t a t i o n s  per  
r e v o l u t i o n  - 3p, and 5% on f o u r  e x c i t a t i o n s  per  r e v o l u t i o n  - 4p). Therefore,  
t he  hub in-p lane and out -of -p lane s p r i n g  r a t e s  a re  acceptable fo r  t h i s  pro- 
pe l  l e r  assembly. 
The s p r i n g  r a t e  o f  the  hub assembly i s  d i v i d e d  i n t o  components which a re  
eva lua ted  separa te l y  fo r  ease of ana lys i s .  
b lade/ race  i n t e r f a c e ,  race, b a l l ,  b a r r e l  arm, b a r r e l  b r i d g e  ( a f f e c t s  i np lane  
o n l y ) ,  and b a r r e l  r i n g s .  These s e r i e s  spr ings  a re  summed r e c i p r o c a l l y  t o  
produce a t o t a l  hub s p r i n g  r a t e .  
The f i n i t e  element s h e l l  o f  r e v o l u t i o n  model o f  the  b lade shank, race,  and 
b a r r e l  arm sec t i ons  prov ided bo th  the s t ress  and the  s t i f f ness  va lues (See 
F igu re  14) by computer a n a l y s i s  c a l l e d  H727. The r o t a t i o n  i n  each of the  
above mentioned p a r t s  i s  found for a g iven moment load and a s p r i n g  r a t e  i s  
c a l c u l a t e d  by d i v i d i n g  the  moment by the  r o t a t i o n .  The b a l l ,  modeled as a 
r i g i d  l i n k  i n  t h i s  ana lys i s ,  t o  serve as p a r t  o f  the  load pa th ,  has a non- 
l i n e a r  s p r i n g  r a t e  whose s t i f f n e s s  i s  c a l c u l a t e d  by computer program c a l l e d  
H380. 
These are :  t he  b lade shank, 
The b r i d g e  c o n s i s t s  o f  the hub m a t e r i a l  i n  between the  b a r r e l  arms and thus  
i t s  s p r i n g  i s  e f f e c t i v e  o n l y  i n  the  inp lane d i r e c t i o n .  The hub, as shown i n  
F igu re  19, i s  c u t  by planes pass ing through the  y a x i s  between 45 and 135 de- 
grees from t h e  fo rward  d i r e c t i o n  by a th ree  dimensional computer a ided des ign 
program c a l l e d  C A T I A .  The s e c t i o n  p r o p e r t i e s  a re  c a l c u l a t e d  fo r  each s l i c e  
(F igu re  20 and 2 1 ) .  A graph o f  these sec t i on  p r o p e r t i e s  vs. d i s tance  a long 
the  b r i d g e  is cons t ruc ted  (F igure  221, and a Nastran f i n i t e  element model 
us ing  beam elements i s  formed. A s imulated moment i s  a p p l i e d  t o  the  model, 
r o t a t i o n s  a re  found and the  s p r i n g  r a t e  i s  c a l c u l a t e d .  
B a r r e l  s t i f f n e s s  was a l s o  analyzed us ing  30 f i n i t e  element a n a l y s i s  methods, 
t he  r e s u l t s  o f  which a re  summarized i n  Appendix A. 
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AREA 2.01 930 
XBAR -2.90905 
YBAR 9.1 6975 
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I X-Y 0.1 50703 
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XBAR -3.31 605 
I Y-Y = 0.090251 
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I X-X = 0.7033 10 
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YBAR = 9.32103 
I Y-Y 0.239029 
I X-Y 0.088684 
I x-x = 1.001 1 1  
HUB SECT 126 DG 
-- 
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AREA = 1.67715 
YBAR = 9.39256 
I Y-Y I 0.098297 
I x-Y  = 0.00 125 1 
I X-X 0.789078 
XBAR -3.3 1603 
HUB SECT IO8 DG 
AREA = 2.56543 
YBAR - 9,26060 XBAR -2.9 1533 
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HUB SECT 135 DG 
-- 
FIGURE 21. BRIDGE SECTION PROPERTIES 
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FIGURE 22. HUB ARM BRIDGE SECTION PROPERTIES 
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. 
The bladelrace interface also has a spring associated with it. These two 
parts are loaded against each other by the pressure of the bearing causing 
Hertzian deflection between them. Approximating this condition by a cylinder 
in a groove, rotations can be calculated for the applied moments and a spring 
rate can be found. 
The barrel rings are another spring that goes into making up the total h u b  
spring rate. Their deflection which make up the rotation due to applied mo- 
ments is part of the analysis done to calculate the stresses by computer 
analysis called Ring-28. The rings are loaded differently by inplane and out 
of plane moments, so, the spring rates are slightly different in the two di- 
rections. 
The last spring to be covered is the ball bearing which can readjust its con- 
tact angle under load and exhibit relatively large Hertzian deflections. 
This behavior makes its spring rate the smallest in magnitude and thus the 
most important. Because the individual spring rates are added reciprocally, 
the smallest sets the maximum limit for the total spring rate and as the 
larger individual springs are added to it the total hub spring rate becomes 
smaller. By adjusting the bearing geometry, the ball spring rate can be var- 
ied quite substantially to obtain an acceptable total spring rate. Figure 23 
shows a survey of retentions, analyzed on our H380 bearing analysis, that 
were considered for this application. Off race indicates the ball race con- 
tact pattern edge is off the race at some loading condition and indicates un- 
suitability due to a reduction in capacity. The bearing chosen has twenty 
nine 1.588 cm. ( . 6 2 5  in.) diameter balls in a 15.392 cm. (6.06 in.) pitch 
diameter. 
Figure 24 shows a tabular listing of all the spring rate values and also the 
total hub assembly spring rate value. This spring rate value can then be ad- 
ded to the blade model and the natural frequencies of the whole propeller 
system can be calculated for the different blade modes. These values are 
plotted for the inplane and out of plane directions in Figure 18. This shows 







FIGURE 23. BEARING O.D. VS. SPRING RATE 
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FIGURE 24. HUB SPRING RATE IN * LB/RAD * lo6 
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WEIGHTS 





















FIGURE 25. HUB AND RETENTION WEIGHT 
CONCLUSION 
The hub assembly meets a l l  des ign requi rements.  A T 1  components w i l l  meet or 
exceed l i f e  expec ta t ions .  The s i n g l e  except ion  i s  the  r e t e n t i o n  b e a r i n g  low 
c y c l e  f a t i g u e  l i f e  which i s  p r e d i c t e d  t o  be l e s s  than 50,000 c y c l e s  b u t  k i l l  
exceed t h e  a n t i c i p a t e d  u t i l i z a t i o n  by a twenty to  one f a c t o r .  
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P 
I n t r o d u c t i o n  
A 3D f i n i t e  element ana lys i s  o f  t he  LAP b a r r e l  was performed to  v e r i f y  t he  
r e t e n t i o n  s t i f f n e s s  and b a r r e l  s t r e s s i n g  f o r  c e n t r i f u g a l ,  2P and 1P load ing  
c o n d i t i o n s .  S o l u t i o n  accuracy checks on model mesh s i z e  and c o n s t r a i n t s  were 
a l s o  made. The 
FEA r e s u l t s  w i t h  
Conclusions 
1 .  The FEA in-p 
out -of -p lane 
o l l o w i n g  sec t i ons  summarize the  FEA r e s u l t s  and compares the  
the  r i n g  a n a l y s i s .  
ane ( I P )  b a r r e l  s t i f f n e s s  i s  37 x l o 6  i n - l b / r a d .  The 
(OOP) b a r r e l  s t i f f n e s s  i s  70 x lo6 i n - l b l r a d .  
2. The FEA I P  s t i f f n e s s  i s  33% lower than the  s t i f f n e s s  ob ta ined f rom the  
r i n g  a n a l y s i s .  The FEA OOP s t i f f n e s s  i s  15% h igher  than the r i n g  
a n a l y s i s .  
a l l owab les .  
p o i  n t .  
3. S t ress  l e v e l s  ob ta ined for  a l l  the FEA l oad  cases 
4 .  The b a r r e l  s t i f f n e s s  i s  n o t  s e n s i t i v e  t o  the  mode 
a re  
ba 
below t h e  
1 load app i c a t i o n  
5. For t h e  2P moments o f  10,000, 20,000 and 28,000 i n - l b s .  the  I P  r e t e n t i o n  
s t i f f n e s s  decreased a maximum o f  3%. 
.3%. 
The OOP s t i f f n e s s  increased o n l y  
6. I n  t h i s  ana lys i s ,  the  8-noded b r i c k  f i n i t e  element model i s  adequate f o r  
de te rm in ing  b a r r e l  s t i f f n e s s  and s t r e s s i n g .  
Methodology 
F. E. Model: S t r u c t u r a l  symmetry p e r m i t t e d  the  modeling o f  o n l y  
one-s ix teenth  of the  b a r r e l  ; see F igu re  A i .  The model c o n s i s t s  of 251 
8-noded (8N) CHEXA and six-noded (6N) PENTA s o l i d  elements. 
The mesh d e n s i t y  around the  b a r r e l  arm was de f i ned  so t h a t  a race  node would 
represent  a b a l l  cen te r .  Nominal dimensions were used t o  c o n s t r u c t  the  model. 
To prevent  r i g i d  body motion, the  end o f  the  b a r r e l  t a i l s h a f t ,  which b u t t s  up 
aga ins t  t he  t h r u s t  face  o f  the  engine, was r i g i d l y  f i x e d .  The boundary 
cond i t i ons  on the  symmetry faces o f  the  b a r r e l  a re  a u t o m a t i c a l l y  s e t  i n  the  
c y c l i c  symmetry s o l u t i o n  sequence t o  r e f l e c t  the  a p p l i e d  load c o n d i t i o n .  
Load i ng 
S inuso ida l  b a l l  load  and bear ing  race  con tac t  angle d i s t r i b u t i o n s  were 
ob ta ined fo r  each load case us ing  the  Non l inear  S i n g l e  Race Re ten t ion  
S t i f f n e s s  Ana lys i s  Program F264CL and a F o r t r a n  program. 
FEA b a r r e l  analyses i n  which the  b a l l  loads were d i s t r i b u t e d  over  severa l  
nodes a t  each b a l l  cen te r  l o c a t i o n ,  t he  b a l l  loads i n  t h i s  a n a l y s i s  were  
a p p l i e d  t o  a s i n g l e  race  node a t  each b a l l  cen te r  l o c a t i o n ;  see F igure  A2. 
This  method o f  l o a d i n g  recognizes t h a t  the  mesh d e n s i t y  i n  the  race  area i s  
too coarse t o  approximate t h e  H e r t z i a n  b a l l  l oad  d i s t r i b u t i o n  and t h a t  the  
l o c a l  " d e f l e c t i o n "  f o o t p r i n t i n g  e f f e c t  i s  n e g l i g i b l e .  Th is  was v e r i f i e d  by 
runn ing  a case w i t h  two loaded nodes. 
modes a re  accounted f o r  by u s i n g  the  D ihedra l  C y c l i c  Symmetry s o l u t i o n  fo rma t  
i n  MSCJNASTRAN. 
U n l i k e  c u r r e n t  3D 
Asymmetric arm load ings  f o r  2P and 1P 
S t  i ff ness 
I n -  and ou t -o f -p lane r e t e n t i o n  s t i f f n e s s  va lues a r e  ob ta ined  by per forming a 
se r ies  o f  a p p l i e d  l oad  i t e r a t i o n s  on the  b a r r e l .  These i t e r a t i o n s  are  
necessary due t o  the  n o n l i n e a r  a c t i o n  o f  the  b a r r e l  under load.  The 
i t e r a t i o n  process s t a r t s  by i n i t i a l l y  a p p l y i n g  a u n i f o r m  load d i s t r i b u t i o n  
w i t h  a cons tan t  con tac t  angle t o  the  raceway. A x i a l  and r a d i a l  displacements 
a re  ob ta ined  a t  t he  top,  bottom, in -p lane l e f t  and r i g h t  l o c a t i o n s  on the  
race  a t  t h e  approp r ia te  con tac t  angle; see F igu re  A3. Compliances a re  then 
c a l c u l a t e d  a t  these p o i n t s .  
b lade l race ,  race  and b a l l  w i t h o u t  t he  k inemat ics ,  a re  i n p u t  i n t o  F264CL to  
represent  the  e n t i r e  r e t e n t i o n  f l e x i b i l i t y .  The k inemat i cs  a r e  i nc luded  i n  
F264CL. 
FEA model. The process cont inues u n t i l  two consecut ive i t e r a t i o n s  r e s u l t  i n  
compliances which a re  w i t h i n  5% o f  each o t h e r .  In -  and out -of -p lane cock ing 
angles a re  then ob ta ined  from F264CL and conver ted i n t o  r e t e n t i o n  moment 
s t i f f nesses .  
These compliances a re  added to  the  b lade,  
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Analys is  
S t i f f n e s s  Resu l ts :  A c e n t r i f u g a l  f o r c e  o f  86,000 l b s .  was a p p l i e d  t o  t h e  
model. Th is  l oad  a p p l i c a t i o n  r e s u l t e d  i n  an in-p lane r e t e n t i o n  s t i f f n e s s  
( I P )  o f  10 x 10" i n - l b / r a d .  and an out -of -p lane r e t e n t i o n  (OOP) s t i f f n e s s  
o f  18 x 10" i n - l b / r a d .  From these va lues i n -  and out -of -p lane b a r r e l  
s t i f f n e s s  terms a re  ob ta ined  and f u r t h e r  reduced down i n t o  t h e i r  fundamental 
components o f  the  r i n g ,  arm and b r i d g e  t o  determine r e l a t i v e  component 
s t i f f n e s s e s ;  see F igu re  A4. The b r i d g e  i s  t he  softest sp r ing  i n  the  b a r r e l .  
The magnitude o f  these s t i f f n e s s e s ,  however, a re  approximate i n  t h a t  
assumptions a re  made where the  arm ends and the  r i n g  begins; see F igu re  A5. 
A comparison between t h e  FEA and the  r i n g  a n a l y s i s  i s  shown i n  F igure  A6. 
D i f f e rences  between the  two approaches a re  p r i m a r i l y  due t o  the  use of a 
s inuso ida l  l oad  and c o n t a c t  angle d i s t r i b u t i o n  i n  the  f i n i t e  element a n a l y s i s  
The 2P bending r e t e n t i o n  s t i f f n e s s e s  were ob ta ined  f o r  a c e n t r i f u g a l  f o r c e  of 
86,000 l b s .  p l u s  10,000, 20,000 and 28,000 i n - l b .  v i b r a t o r y  moments. For 
each load case, the  a p p l i e d  moment was s p l i t  i n t o  I P  and OOP components where 
the  r e s u l t a n t  moment was o r i e n t e d  a t  t he  c a l c u l a t e d  1 P  bendlng mode 
o r i e n t a t i o n  o f  0 = 142"; see F igu re  A7. Th is  o r i e n t a t i o n  represents  a 
f l a t w i s e  bending on the  b lade.  A summary o f  t he  I P  and OOP bending r e t e n t i o n  
s t i f f n e s s e s  a re  shown i n  F igu re  A8. An arm load  phasing o f  .707 on each arm 
was found t o  produce t h e  lowest  b a r r e l  s t i f f n e s s  and h i g h e s t  s t resses .  
the  range of a p p l i e d  moments, t h e  I P  and OOP s t i f f n e s s e s  changed a maximum of 
3% and .3% r e s p e c t i v e l y .  Based on t h i s  r e s u l t ,  i t  i s  assumed t h a t  i n c l u s i o n  
o f  the  steady bending moment would n o t  s i g n i f i c a n t l y  reduce the  r e t e n t i o n  
s t i f f n e s s e s .  
For 
I n -  and out -of -p lane r e t e n t i o n  s t i f f n e s s e s  fo r  the  c e n t r i f u g a l  fo rce  and 2P 
cases a re  p l o t t e d  i n  F igu re  A9 fo r  the  purpose o f  o b t a i n i n g  f l a t w i s e  and 
edgewise r e t e n t i o n  s t i f f n e s s  va lues f o r  t h e  2P case. The edgewise and 
f l a t w i s e  r e t e n t i o n  s t i f f n e s s e s  on the  c e n t r i f u g a l  f o r c e  o n l y  l i n e  were 
ob ta ined by c a l c u l a t i n g  b a r r e l  compliances a t  p o i n t s  A,  B, C and D which l i e  
on the  edgewise- f la twise axes and f o l l o w i n g  the  l oad  and s t i f f n e s s  procedure 
p r e v i o u s l y  descr ibed.  A surve was f i t  t o  the  f o u r  p o i n t s .  A s i m i l a r  curve 
was assumed for  t h e  2P data.  A f l a t w i s e  r e t e n t i o n  s t i f f n e s s e s  o f  1 1  x 10" 
i n - l b / rad .  and an edgewise r e t e n t i o n  s t i f f n e s s  o f  13.5 x 10" i n - l b / r a d .  a re  
ob ta ined from t h i s  procedure. 
A 1P f l a t w i s e  l oad ing  r e t e n t i o n  s t i f f n e s s  was a l s o  ob ta ined fo r  a c e n t r i f u g a l  
f o r c e  o f  86,000 i n - l b .  and a 28,000 i n - l b .  v i b r a t o r y  moment a t  0 = 142'. 
The load arm phasing i s  shown i n  F igu re  A10. Th is  l oad ing  r e s u l t e d  i n  an OOP 
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Stress  Resu l ts  
Average nodal p o i n t  equ iva len t  (Von Mises) s t resses  were evaluated for the  
c e n t r i f u g a l  f o r c e ,  2P and 1P load cases. St resses i n  these cases are  
predominant ly  due t o  the  c e n t r i f u g a l  f o r c e .  S t ress  contours f o r  t h i s  case 
are shown i n  F igu re  A l l .  Peak s t r e s s  contours a re  h i g h l i g h t e d .  
C y c l i c  s t resses  r e s u l t i n g  from the  1P load case a re  shown i n  F igures A 1 2  and 
A13. Both the  r i g h t  and l e f t  segments o f  arms 1 and 5 are  shown because of 
the asymmetric a p p l i e d  l oad ing .  
b a r r e l ,  the  c y c l i c  s t r e s s  does n o t  f u l l y  reverse .  I n  a l l  the  cases surveyed, 
the  s t r e s s  l e v e l s  a re  below the  a l lowab les  f o r  s t e e l .  
Due t o  the nonsymmetric response of the  
Ana lys is  Checks 
Several checks were made on the  a n a l y s i s  procedure to  determine s o l u t i o n  
s e n s i t i v i t y .  The c e n t r i f u g a l  f o r c e  l oad  case was used fo r  these checks 
because i t  r e q u i r e d  the  l e a s t  amount o f  s o l u t i o n  and e v a l u a t i o n  t ime.  The 
f i r s t  check made was w i t h  respec t  t o  the  s e l e c t i o n  o f  the l oad  p o i n t  on the  
race. This was done t o  determine the  s e n s i t i v i t y  between the load p o i n t  and 
the  r e s u l t a n t  s t i f f n e s s .  F igu re  A14 shows the  two load  p o i n t  l o c a t i o n s  
se lec ted .  The f i r s t  choice i s  the  l o c a t i o n  used throughout  the  s tudy .  I t  
was f e l t  t h a t  t h i s  race  l o c a t i o n  was a f a i r  r e p r e s e n t a t i o n  o f  where the  b a l l  
bear ing  would be l oca ted  d u r i n g  the  var ious  load ings .  The second cho ice  was 
assumed to  be an extreme case t h a t  cou ld  n o t  occur  under normal o p e r a t i n g  
cond i t i ons .  The load  p o i n t s  se lec ted  r e s u l t e d  i n  s t i f f n e s s  d i f ferences of 
l ess  than 2% i n d i c a t i n g  a low s e n s i t i v i t y  t o  the  load p o i n t  s e l e c t i o n .  
A s o l u t i o n  convergence check was made by c o n s t r u c t i n g  a model us ing  20-noded 
b r i c k s  i ns tead  o f  8-noded b r i c k s .  Th is  increased the  number o f  degrees o f  
freedom from 1,300 to  4,600 w i t h o u t  changing the  number or  d i s t r i b u t i o n  o f  
the b r i c k s .  A comparison o f  displacements between the  8-noded and 20-noded 
model for  a c e n t r i f u g a l  l oad ing  i s  shown i n  F igu re  A 1 5 .  The 20-noded model 
r e s u l t s  i n  h ighe r  displacements.  Th is  t r a n s l a t e s  i n t o  an ou t -o f -p lane 
s t i f f n e s s  which i s  approx imate ly  2% lower than the  8-noded model and 6% lower 
in-p lane.  Comparison o f  s t resses  shows, as expected, a g rea te r  d i f fe rence;  
see F igu re  A16. However, due to  the  placement o f  the mids ide  nodes i n  the  
20-noded b r i c k ,  e r r o r s  e x i s t  i n  the s t resses .  Since the  s t r e s s  l e v e l s  a re  
g e n e r a l l y  low w i t h  regard  t o  the  a l lowab les ,  the  s t r e s s  r e s u l t s  do n o t  
p resent  a problem. 
Summary 
The use of  30 f i n i t e  element ana lys i s  coupled w i t h  the  program F264CL has 
prov ided a s i g n i f i c a n t  amount of i n s i g h t  i n t o  the  s t r u c t u r a l  a c t i o n  o f  the  
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